We study, both experimentally and numerically, a system of two coupled semiconductor lasers in an asymmetric configuration. A laser subject to optical feedback is bidirectionally coupled to a free running laser. While maintaining the coupling strength, we change the feedback rate and observe a transition from highly correlated low-frequency fluctuations to episodic synchronization between dropouts and jump-ups. Our results resemble those obtained recently in a unidirectionally coupled system ͓Buldú et al., Phys. Rev. Lett. 96, 024102 ͑2006͔͒.
laggard dynamics to a regime of episodic synchronization where the role of the leader and laggard have changed.
The experimental setup is depicted in Fig. 1 . The configuration consists of two semiconductor lasers bidirectionally coupled and separated by a distance of about 1 m ͑T Ϸ 3.5 ns is the flying time͒. We use two similar single-mode diode lasers ͑SDL-5401͒ emitting at 805 nm, with a solitary linewidth of 50 MHz. The laser operation temperatures are stabilized using thermoelectric controllers to a precision of 0.01 K. The intensity of the laser outputs is detected by 1.5 GHz bandwidth photodetectors and monitored using a digital oscilloscope ͑Tektronix TDS3032B, 2.5 GS/ s͒ with a 300 MHz bandwidth. One of the lasers is subjected to optical feedback from an external mirror located at about 40 cm ͑ f Ϸ 2.8 ns is the round-trip feedback time͒, and the feedback strength is controlled using a continuously variable neutral density filter. Thus this laser can exhibit complex dynamics even when uncoupled. The other laser operates in the cw regime when uncoupled. We choose for both lasers an injection current close to threshold ͑21.9 mA͒, and consequently the laser with feedback operates in the well-known regime of low-frequency fluctuations ͑LLFs͒ ͓33-37͔ when uncoupled. Low injection currents allow for better experimental resolution, which is more difficult to achieve when the laser operates at higher currents, as in the well-known coherence collapse regime.
II. EXPERIMENTAL RESULTS
Two semiconductor lasers that operate in the cw regime when uncoupled exhibit LFFs when coupled bidirectionally beyond a certain coupling strength and separation distance ͓21͔. In this case, and when the devices are very similar to each other, the lasers develop the LFFs in a leader-laggard type of dynamics; the roles of the leader and laggard change in time, giving rise to a cross-correlation function with two high peaks located at ±T , T being the time of flight between the lasers ͓21,27͔. In our experiment, we selected two similar semiconductor lasers and slightly adjusted their injection currents and temperatures to compensate for small mismatches and obtain this symmetric regime.
The optical power of a semiconductor laser subject to feedback exhibits LFFs in a coarse-grained time scale ͓38͔ and fast subnanosecond pulsations underneath this slow motion when biased close to threshold. LFFs are well resolved in our experiments, but the limitations of our detection scheme do not allow us to follow the fast pulsations. Instead, we take advantage of numerical simulations with picosecond time resolution to study the full dynamics. It will be shown that the qualitative features of the experimentally observed dynamics is well reproduced by a simple model of rate equations. Moreover, numerical simulations allow us to understand and identify the role played by the fast dynamics.
We first study the situation in which one of the lasers is subject to low feedback. In Fig. 2͑a͒ we plot the experimentally measured time series of the evolution of the optical power of the lasers for a low feedback level ͑2.7% threshold reduction͒. It can be clearly seen that the lasers develop highly synchronized LFFs in which the laser without feedback drops first and consequently leads in the dynamics. This fact is also reflected in the cross-correlation function depicted in Fig. 2͑b͒ with a high peak located at the time −T, indicating that the laser without feedback drops first. The fact that the laser without feedback leads in the dynamics was interpreted as the occurrence of anticipated synchronization in Ref. ͓15͔ . In a subsequent paper ͓16͔ some of the authors studied theoretically and in more detail the configuration of Fig. 1 . They found that an increase of the power of the laser ͑due to the feedback and a higher pump current͒ yields an asymmetric coupling and generates a regime in which the external cavity laser leads the dynamics. However, an alternative explanation can be given for this dynamical regime. The laser with feedback operates at a frequency that, although it changes in time, is always lower than the freerunning laser frequency. According to Ref. ͓21͔ two bidirectionally coupled semiconductor lasers establish a welldefined leader-laggard dynamics when one of the lasers is detuned in frequency with respect to the other; the laser with higher frequency is always the leader. If this interpretation applies to our case, we could say that the laser without feedback becomes the leader due to the frequency reduction of its counterpart. With this interpretation, and the fact that the maximum correlation occurs at ͉T͉ and not at ͉T − f ͉ ͑see the numerical simulation below͒, as occurs in the anticipated synchronization case, we might not be in the presence of an anticipated identical synchronization but a generalized synchronization as found in Ref. ͓21͔ . To check our hypothesis we have induced a frequency detuning between the two lasers by increasing the temperature of the laser without feedback by about 2.3°C ͑approximately −320 GHz detuning, as obtained from the laser data sheet͒. In Figs. 3͑a͒ and 3͑b͒ we plot two time series for low feedback ͑ϳ2.7% threshold reduction as for Fig. 2͒ with detuning ͓Fig. 3͑a͔͒ and its corresponding cross-correlation function ͓Fig. 3͑b͔͒. As can be clearly seen, the roles of leader and laggard are now interchanged, a fact that would reinforce our hypothesis. However, since the definition of the leader and laggard in a bidirectionally coupled dynamical system is subtle, a strict classification of this dynamics would require a more careful analysis ͓39͔.
We now turn our attention to a stronger feedback regime. In Fig. 4͑a͒ we plot time series for the optical power of the two lasers for a feedback level yielding a threshold reduction of ϳ13%͒. Dropouts of the laser with feedback seem to be followed by jump-ups of the laser without feedback. The cross-correlation function depicted in Fig. 4͑b͒ confirms this situation; a peak of anticorrelation for the filtered series appears. We highlight some features of this cross-correlation function. First, the peak is located at the positive side of the time axis, which indicates that the jump-ups in the laser without feedback occur after the dropouts in the laser with feedback develop. Second, this result seems to contradict the fact that the laser without feedback should be the leader, as it happens in the weak feedback regime. However, the extra power from the laser subject to optical feedback must be responsible for its leading action in inducing the delayed jump-ups of power in laser 2. This leading effect is manifest, as shown in our experiments and calculations, only at moderate feedback of laser 1. Thus the statement of Ref. ͓21͔ about the relative optical frequency condition to assign the leader in a coupled pair of lasers has some range of validity which has been touched by our contribution. It is worth mentioning that a consistent result is given in Ref. ͓41͔ . Therein the authors show a unidirectional coupled system where the leading role is independent of the relative optical frequency. Third, the correlation between dropouts and jump-ups is far from attaining a value of −1, although the recovery of the dropouts seems to match the rise of the upward jumps, which would indicate that we are not in the presence of antisynchronization ͓15,40͔. What we probably observe is an episodic synchronization, similar to the one recently reported in Ref. ͓41͔ for unidirectionally coupled semiconductor lasers. Since our experimental measurements do not allow us to resolve the fast dynamics, we take advantage of numerical simulations to gain insight into this fast dynamics that occurs in our system.
III. NUMERICAL RESULTS
We performed numerical simulations using the model developed in Ref. ͓42͔ extended to include the optical feedback in laser 1. The model reads
where the indices 1 and 2 refer to lasers 1 and 2, respectively. The internal laser parameters are assumed identical for the two lasers, with linewidth enhancement factor ␣ = 3, differential gain g = 1.2ϫ 10 −5 ns −1 , transparency inversion N 0 = 1.25ϫ 10 8 , saturation coefficient ⑀ =5ϫ 10 −7 , photon decay rate ␥ = 496 ns −1 , and carrier decay rate ␥ e = 0.651 ns −1 , 0 being the free-running frequency of the lasers and e the elementary charge. 1 = 2 =20 ns −1 , f = 2.8 ns, and T = 3.5 ns. 0 = 0 T =0 ͑mod 2͒. It is well known that this model qualitatively describes the kind of experiment we have performed. To start with, we first check the simple situation of weak feedback. In Fig. 5͑a͒ we plot filtered time series assuming the weak feedback condition ͑k f =15 ns −1 ͒ to compare with Fig. 2͑a͒ . A qualitative agreement can be seen between the two figures. In Fig. 5͑b͒ we plot the time series for the optical power of both lasers for stronger feedback coupling ͑k f =35 ns −1 ͒. Dropouts developed by the laser subject to feedback are followed by jump-ups of the laser without feedback. When checking the cross-correlation functions ͑Fig. 6͒ it can be seen that for the weak feedback case ͓Fig. 6͑a͔͒ the laser without feedback drops first ͑the maximum of the cross correlation is located at a negative time of approximately −4 ns͒, while in the strong feedback case there is a minimum of the cross-correlation function located at positive times, indicating that the laser with feedback now drops first. In Fig. 6͑a͒ we also plot the cross-correlation function without filtering and with a time resolution of 5 ps. While the several peaks correspond to the fast dynamics ͑filtered in the other case͒ we have identified that the maximum is located exactly at 3.5 ns, which corresponds to the coupling time T, independently of the feedback time. When looking at the unfiltered cross-correlation function for the case of strong feedback we do not observe any indication of anticorrelation but a weak correlation between the two time series.
To check if we are in the presence of episodic synchronization we computed the cross-correlation function at different time intervals during one LFF cycle. In Fig. 7͑a͒ we show a 100 ns time trace for the strong feedback case. When computing the cross correlation function in the time interval ͓100 ns, 140 ns͔ we observe a high correlation between the series, which gives evidence that an episodic synchronization takes place. The position of the maximum reveals that the maximum correlation occurs at 0.7 ns, exactly the difference between T and f . This result can be attributed to the fact that the laser with strong feedback has considerably more power than its counterpart and dominates in the dynamics. Under this situation an almost unidirectional link between the two lasers is established, and the appearance of such episodic synchronization can be explained following the arguments given in Ref. ͓41͔.
IV. SUMMARY AND CONCLUSION
To summarize, we have performed experimental and numerical analysis of an asymmetric system composed of two bidirectionally coupled semiconductor lasers, one subject to optical feedback and the other one not. When varying the feedback strength we find a transition from synchronized low-frequency fluctuations to a regime of low-frequency fluctuations in the laser with feedback, and jump-ups in the laser without feedback. In the latter case, although the correlation between the slow dynamics reveals a minimum at a positive time lag, an analysis of the fast oscillations reveals that the dropouts and jump-ups are well correlated. We have also found another plausible explanation for the wellestablished leader-laggard dynamics observed under weak feedback conditions. Our interpretation suggests that the laser without feedback becomes the leader because the frequency of the counterpart laser is reduced due to the feedback. This hypothesis is confirmed experimentally by reducing the frequency of the laser without feedback by increasing its temperature. Our explanation is alternative to the one given in Refs. ͓15,16͔.
